PHYSICS BACKGROUND
There have been many interesting developments during the past few years in respect to understanding the principles involved in the design of large linear colliders, but few of these developments deserve to be called conclusive. As is shown in Figure 1 the energy as measured in the basic constituent frame attained in past and projected colliders is still growing exponentially in time. However, the reason for the increased attention given to large linear colliders is, of course, the fact that the technologies of producing colliding beams in storage rings are becoming so expensive that devices beyond LEP and the SSC are not likely to be constructed, while new questions which can only be answered with energies attainable beyond those machines continue to be asked.
In general these discussions, and this summary is no exception, will measure the 'reach into the unknown" of specific machines by their collision energy in the frame of the elementary constituents (i.e. quarks and gluons), and Fig. 1 has been so constructed. Therefore one tends to look at 2 TeV against 2 TeV or so electron-positron colliders, "equivalent" to the SSC. The physics goals of the SSC have been very extensively analyzed and presented; this is not the place for another recital. However there are a number of good reasons to look at other parameters, both more or less ambitious, as follows: l The SSC is not as yet a reality, conversely the cost of a practical linear collider is wildly unknown at this time.
l
The signal-to-background ratio for e-+/e-collisions at the constituent energy equivalent to a hadron collider is greatly superior. Data analysis is much less burdensome. Reaction channels are more restricted; this leads to potential loss of some particular processes but greatly eases event discovery and identification.
0 Practical lower energy e+/e-colliders in the charm, beauty and possibly top ranges can reach luminosities greatly in excess of those attainable with storage ring colliders. For these reasons the design of e+/e-colliders over a wide range in energy and luminosity is important to examine.
LOGIC OF DEFINING PARAMETERS
The conventional logic concerning the design of electron-positron colliders goes something as follows: As new physical questions enter into view everincreasing energies are required to answer them and the luminosity required to engage nature effectively demands that the luminosity increases in proportion to the square of that energy. Moreover, radiative effects in the electron-positron collision process should not be so large that the collision energy is greatly degenerated, or that the energy spectrum is unduly broadened. Thus the parameters E, L, and 6 standing for Beam Energy, Luminosity, and Energy Width, respectively, are assumed to be specified by the customer-physicist. In addition one might assume that two other parameters, the p* focusing parameter at the final interaction point and the invariant emittance en be likewise defined by practical restrictions. Under these assumptions the orbit parameters of a linear collider, irrespective of the accelerating mechanism, can be defined if only one additional parameter is externally specified. If one chooses for that additional parameter the bunch length a, of the interacting particles, then the result in what up to now has been conventional theory defines the remaining parameters, in particular the average beam power, as represented in Figure 2 . The reason for the shape of Figure 2 is that there appear two basic regimes defined by the so-called classical and quantum-mechanical regions of radiative beam-beam interaction. In the classical regime the radiation spectrum does not extend to photon energies beyond that of the primary beam and in the quantum-mechanical regime it has been assumed that the classical photon spectrum is simply cut off at the energy of the primary beam. Interestingly enough, no physical input is needed in the generation of these parameters beyond the relation for the total rate of radiation 3 of a charge in an electromagnetic field and the fact that the classical synchrotron radiation spectrum varies with the third root of the frequency.
Note that the dependent variable in Figure 2 is the power to luminosity ratio P/L divided by the square root of the invariant emittance times the p* value at the interaction point. Thus independent tradeoffs among these four variables are of course possible. Note also that in principle this ratio can be minimized either at very low or very large values of the bunch length. There are, however, limits in the long pulse length direction both due to instabilities in case the beam-beam disruption parameter becomes too large or in case the bunch length becomes more than a small fraction of the wave length of the accelerating electromagnetic field.
Based on these general considerations many authors have generated parameter tables for conceptual machines; Figure 3 shows such a table from a recent review by Loew. The highest energy example is clearly in the quantum mechanical regime of radiative beam-beam interaction.
If one wishes to consider the design of "factories" at lower energies for hadronic species composed of "heavy" quark states at luminosities well above those attainable for storage rings, then the limit is set by Kdisruption" in the beam-beam interaction. It does, however, seem possible to design machines at SPEAR energies up to 1033cm-2sec-1 energies at beam powers below one megawatt if normalized emittances in the low6 radian meters are achieved. Bfactories are under extensive study.
The primary question we are facing today is whether the conventionalwisdom outlined here is right. I can only answer this question today with a firm "maybe", hardly a satisfactory answer.
CURRENT UNCERTAINTIES
The role of the theory of beamstrahlung is crucial, in particular since the SLC will yield few data on the subject since the effect there will be both small and classical. Since that theory is in an unsettled state at present, there is a cloud over much of the systematic discussion of linear collider parameters. appear to give a different -and smaller -radiative decrease in energy is that the longitudinal momentum transfer in the radiative process is so small that its corresponding wavelength can become large compared to the bunch length a,.
Thus, the electromagnetic field in which radiation takes place is not infinite in extent as assumed by Ternov and Sokolov.
The implication of this uncertainty in analytical status is large. If, as is the current assumption, the beamstrahlung phenomenon is limiting the total number of electrons N which can be brought into interaction, then the scaling relationships for large linear colliders drive the designer towards shorter wave lengths.
The reason is clear: The energy storage of an accelerating structure increases with the square of the wave length for a given gradient and total energy; if the number of electrons per bunch is limited, then the fraction of energy which can be extracted will decrease accordingly with increasing wavelengths. Since in a non-superconducting microwavestructure the energy stored in that structure has to be dumped every pulse, this would result in decreasing power efficiency with increasing wavelengths. If, on the other hand, the energy broadening due to beamstrahlung is small and is only weakly dependent on the number of electrons per pulse, then this pressure towards shorter wave lengths would be greatly re- Another issue which has not really been faced is the attainment of successful 5 interaction among beams of transverse dimensions in the angstrom range. We do not even know as yet how much trouble there will be in achieving systematically a successful interaction process in the SLC with its micron range diameter beams.
Successful attainment of such micro-beam interactions requires that four conditions be met:
1. Attainment of very low /3* values at interaction; good ideas have been introduced to produce such p* values with either superdisruption multiple beam arrangements or with externally generated plasmas or laser beams.
2. A successful feedback mechanism to correct mis-steering of the beams. Such a mechanism requires precise sensing of the beam error followed by the application of suitable correction signals. For this feedback mechanism to work it is of course necessary that the sources of error remain consistent over a reasonable number of pulses. Thus noise which affects the radial position can prevent the feedback loop from being closed effectively. It is likely that a higher pulse repetition rate will ease this problem considerably, yet pulse repetition rate is a dependent variable flowing from the basic scaling considerations referred to above. The only real expectation of being able to design and construct a big linear collider with very high repetition rate would come from the successful attainment of a superconducting linac structure. More about this later. 
Note that U for a given particle energy is proportional to the gradient times the square of the wave length.
Thus the assumption of decreased dependence on beamstrahlung leads to the following conclusion:
1. The wave length should be long and the gradient as high as practicalquite the opposite of the current result.
2. A long wave length combined with a short bunch length would greatly ease the transverse wake instability, even if the number of particles becomes high.
3. However, as one increases the energy storage in the structure, the repetition rate would have to be decreased. At lower repetition rates the problem of achieving a successful beam-beam interaction becomes more severe because the pulse-t-pulse correlation making a closed feedback loop possible will become poor.
Thus the parametrization would not be defined by analytical properties of beam focussing, radiation, and acceleration, but by competition among the factors listed above. In other words, under these different assumptions the wave 8 length limit is set by practical considerations based on analysis of the irreducible noise terms due to a variety of factors such as seismic noise, man-made disturbances, power supply instabilities, RF source, "glitches", etc., etc.
Let me reemphasize that these remarks only relate to the TeV class machine where quantum-mechanical radiative effects come into play. The greater than SLC but well below one TeV machines will operate in the classical regime. Here, as we showed before, disruption between beams will be the limiting factor. Under these circumstances, as J. Rees has emphasized, the cm@* product will scale as Em8 -a very severe practical barrier indeed.
ALTERNATE POWER SOURCES AND THEIR ECONOMY
Quite separately we have to consider the economic scaling of a linear collider which has been extensively considered by Palmer. This leads to the problem of RF power supply, among other factors. At this time general attention has focused on wave lengths in the l-5 centimeter range, although the above considerations may reopen this question. The problem is how to build a radiofrequency system with its associated appurtenances which is "affordable." Most current analyses of the cost factors involved necessarily rest on an oversimplied basis; they are generally derived from simple scaling considerations based on unit costs of energy storage, of peak power, of average power, and of unit length. Unfortunately, from linear accelerator experience it is d@cult to allocate costs in this simple manner without a specific conceptual design. For instance, when looking at the original costs of SLAC one finds that only 40% of the direct costs of the accelerator proper are associated with the primary components, that is the accelerator, the modulators, radiofrequency feed and klystrons. 43% is associated with"distributed systems," that is electrical, mechanical and control auxiliaries, and about 18% is associated with housing and control room. Thus a more detailed analysis of an actual system is necessary if one wishes to allocate costs to length proportional, power proportional, and energy storage proportional categories, as a physicist likes to do. Thus, although economic considerations are clearly controlling here I tend to believe that the economic success of microwave sources suitable for linear colliders will depend on the successful attainment of radiofrequency sources which cover a considerable length. In looking at the cost of existing linear accelerator structures one is impressed by the dominance of the cost which derives from the fractionation of the power sources. For instance, at SLAC the modulators are more expensive than the klystrons and the modulators and klystrons combined are more expensive than the accelerating structure. Thus while decreasing the cost of accelerating structures through more "value engineered" manufacturing methods is desirable, this will be useful only provided the highly fractionated costs of the power sources are also substantially reduced.
As far as separate power sources are concerned there are many promising developments including the lasertron in which the traditional buncher cavity is replaced by a photocathode illuminated by radiofrequency modulated light. Then there is the recently developed Magnicon at Novosibirsk where the output cavity of the high efficiency sweeping beam gyrocon is replaced by a more conventional output cavity such that the spent beam can be more easily handled. There are several other tubes including the gyroklystron where magnetic fields are combined with conventional klystron principles. All of these show promise of higher peak powers at higher frequencies. The output of all these tubes can be further adapted to the requirements of linear colliders by pulse compression devices such as the one based on a "tree" of delay lines and directional couplers by Farkas. It is premature to judge which of these power sources will be most advantageous economically and whether their promised cost reduction will be sufficient. In fact, for the reasons cited, it is at this time even dubious whether the drive toward increased peak microwave power at higher frequencies is in the right direction. 
where Tc is the critical temperature and where w/27r is the frequency. This loss can be reduced indefinitely in principle by lowering the temperature; the rate of decrease in Q is more rapid than the loss of Carnot efficiency.
A great deal of progress has been made in recent times in reducing the residual resistance R, which is presumably due to various forms of imperfection. Figure   7 indicates the practical values of Q which have been obtained and the predicted values of Q for the materials tabulated in Figure 6 . Figure 8 shows that the Q only degenerates slowly with moderate gradients. Nevertheless, an order of magnitude improvement over current practice is needed if a CW superconducting machine is to become practical. It has recently been suggested that a compromise might be to operate a superconducting machine at, say, a 10% duty cycle. In that case the wall losses become acceptable even at current Q values but the stored energy will have to be thrown away at a low repetition rate as is the case in room temperature machines.
It should be noted that there are strong arguments to take superconducting machines seriously but these arguments go in exactly the opposite direction than those discussed previously in connection with room temperature machines. The biggest advantage is that one can consider very high pulse repetition rates and 13 thus the problem of closing the feedback loop as is required to steer the beams into collisions is greatly eased. In contrast to "warm" machines the number of particles per bunch then becomes small and the still open questions of radiative effects become irrelevant. The head-tail emittance growth problem becomes also trivial but the wake-field effects between bunches are significant but are very likely to be controllable by damping of higher modes. A substantial advantage is that the transfer efficiency of radiofrequency power to the beam is essentially 100%.
The negative feature is that as the repetition rate increases while the number of particles per bunch decreases the beam diameters would have to shrink further if beam power is to remain constant. However, the beam brightness, that is the ratio of number of particles per unit of emittance would remain the same.
Note also that since the efficiency of power transfer to the beam is very high for superconducting machines, higher average beam powers are apt to be affordable.
CONCLUSION
The principal conclusion from this limited overview is that most issues on linear colliders are still quite unsettled. It does appear that one should focus intensively on "conventional" metallic wall accelerator structures. Unless the recalculation of beamstrahlung substantially decreases the energy broadening due to radiative effects power sources and structures at wavelengths well below those now customary are indicated. If the recalculation revises the radiative effects downward, then it becomes much-more difficult to parametrize the problem in a logical way. The limits are then defined by practical questions not as yet well explored, in particular the ones dealing with achieving successful collisions of angstrom size beams in the face of a practical noisy environment. Figure 9 illustrates the idea.
The basic issue -whether a linear collider at an energy matching that of the SSC in the sense of Figure 1 --, .
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